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OB A CASE OF THE APPLICATIOlV OF TEE IJXIT QB TEE D-SUBDIVISIOII TO 

By M. V. Meierov 

~n the work or V. 8. Solodowikov (1 2)  is reprduced a series of prop- 1 
ties of the real f'requency characteristics of a closed loop systemby 

of which it i s  possible to  produce certain estinPrtes of the hm@sh of tha 
(duration) 

transform process ana of tb blpQrmt of reglalation.* 

'she diffisrrlfy .si** flw riii -0i tbs freqwacy mmma I s  cc!mects8 

with t b  necessity of ccmstructlng rea l  frequency characteristics of 8 closed 

loop. 

exphin the influence of any paraarster on the character of tbe transfer regiae 

since 

These difficulties are increased considerably if it is  p8cos8ary t o  

(for this)  
a whole f h m l l y  of real frequency charscteristics should be built. 

In the present work: (1) an effective nethod is  given for the construc- 

tion of the real and o u r  frequency chracterisfics of a closed loop by 

means of the bounbry of tlre D-subdivlsion (3), (the curve separating the 

s tabi l i ty  region on the plane of the coqplex aapliflcation coefficient); 

since the boundaq of the D-su'ivlsicm is c o n r r t n r c ~  to stlady stabi l i ty  

then the practical constkctkh or real frequency characteristics is pot 

connected with the outlay of t i m e ;  (2) tb pOSSibiliw is shown of producing 
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a preliminary estioPate of the cbaracter of ths transform process by rmans 

of conditions (1 2)  immediately on the boundary of the D-stibdivlsion without 

having recourse t o  tb construction of real frequency characteristics; (3) 

the establishment of how ths =@tude of the general coefficients of tbe 

system is  cannected t o  the conditions (1 2) and a methob is given of choosing 

the =@tub of the general a,@ification coefficient without requiring ths 

construction of a W l y  of curves. 

1 

) 

1. Construction of Reauencs Characteristics of a Closed Loop Frapr the 

Boundaries of the Dsuwivlsion." 

In the sequel, we w i l l  coxmidor the case when i n  a system of aut-tic 

regulation a disturbwice i n   the^ form of a u n i t  ixpulse w i t h  zero in i t ia l  

conditions is supplied, 

of ths close4 loop ppry be erprerred in the following way: 

In this case tb ancplitube-phase characteristics 

S ( b )  

&(*I 
where w ( b )  = - is the equation of the apaplltude p k s e  chssraateristic 

of an open loop. 

ut tts represent fonmbs (1.1) in anotbr form. 

Let  us divide numerator and denordxxttor of the ri&t side of (1.1) by 

w(3aJ); we obtain 

-~ ~ * 'Fhe b s Q b 7 i i ~ B ~ ~  SSperrrtkS tfre r@.oP, in the plans Of the Co8lp?hX 
paramster, w i t h  an identical number of roots t o  the left of the $gag%- 
SXIS. 
of the Mabdivision is used which separates the stability region.) 

Here and i n  the sequel, note that 043y that part of the b w  
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It is not difficult  t o  show tht W vith a aims sign represents 
s(*) 

the equation sf the boundary of the D.lsubaivisian (3) with respect t o  the 

paraaster. Therefore, the characteristic equation may be f d  from tbs 

relation 

* 

1 + Kw(p) Q 0 (1.3 1 
Sast i tut ing for w(p) its valne, we obtain 

or 

from which the eqttatioar of the bacmdary of the D..euMivlsim with respect 

(1.5) 

paraBlster K. !b le t ters  a2 separate ths regia of the K valuss in which 

the system is stable. 
Q(*)  he segment arb =K. seglaerrt aB .I - 
s(*) - 

for the corresponding frequency q; and the se-t hB is the sum of 

K + -. Hence it is clear that  

%the segsrant bB gives the a8apli-e -of (1.2) for a &vsn frequency ay. 

In the work (4) an laverse f'requency characteristic ie applied t o  determine the 

* a  $1.5 of the division of the segment SB Q(*) 
S(jeb) 

* 
magnitude of th8 amplification coefflcient, for which there occurs a gim 
peak on the rrrrpliturle frequeacj characteristic. 
respect to the genezal anplification coefficient differs froa the inverse 
freqtaemcy characteristic only by a scale factor. 

The UuMivisioan with 

e 
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Phaee of (1.2) rlll be determined by the srgprrent of the denoainator and 

for a given frequency equals the angle of rotation ~f the vestor 3 countezc 

clockwiee, i.e. the @ 4q) in figure 1. earn ~ a ~ r #  the p-ae 

of (1.2) for any frequency q, i a  fouud iniPediately fropr the hw. L 

Hav- the amplitude and phaee it l e  posrible,for any frequerncy, to calcu- 

late)by I W ~ B  of the known relatione, the real aad -inSry fmqu.eIicy charac- 

terietlc of the closed loop. The specified frequency characterletica may be 

found considerably e3mpler m d i u t e l y  fror the M n g .  Actuslly, the real 

frequepcy churacterletlc l e  found from the equation 

-- 
!I!herefore, for given freqmncy the r u t l o  of' the eegmntg bg(b8 & m e  the 

value of the real frequslrcy o ~ c t s r i e t i c .  'Po find the V a l u e  of the reul  

frequency charaoterietic f o r  any frequency % (fig. 1) it l e  nmae0ea-y to 

drop a perpendicular froQ the polnt a ~1 the line connecting the point b 

and % (in fig. 1, the ee-t z); thsn the real frequency ch8racterletic for 

t h i e  freqwnoy l e  &termbed frolr the ratio 
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!&e iaraginary frequency C h a r a C t % r i s t i C  ror  the frequencies and % 

arct detgnuined respectively fraa the division of the eeeppsnts 

s a n d =  all 
b@ bc 

because 

In the way, there alvape I.nm3diatel.y be constructed sinrply a l l  

the frequency characterietics of a cloeed 8yrtem of regulation, 

2, Certain Estimates of fb, Quality of a Transfer Process of a System 

bJ Msans of the Born- of the DSubdivieion. 

I;et us reproduce the well+mwn Q,2) properties of the real frequency 

characteristic and f ind the equivafmnt propez%ies w i t h  respect t0 the bomdary 

of the D-subdivirsian. Simulapleouely, let us erplaia how the general coeffi- 

cient of amplificmtion of ths loop Wltlsnces the 6peclfied real frOQusncY 

characterlstics. 

The follorlng properties of the real frequency characteristic R(o) of 

a cbeed loop syste~n of automatic re-tian are w e l l  ]mown CI.,~]. 
a. In order for the aProtmt of regulation 

not to  exceed 18 percent, it is eufficient (but not n e c e s m )  that the func- 

tion B(m) be a positive nm-lncreaeing ccntinuoue function, i . e ,  it should 

ffltiafy the conditione 
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b. In d e r  that the transfer Frmction x( t )  tend maBot&cally to ths 

eteaay value x(=) 

inequality 

it is necessary, but not safficiant, t o  satis* the 

a ( 4  <R(O) (2.3) 

for a l l  oalues of a. 

C. The f’unctiana a(@) having an interval of positiveness db i.e. c3 
3 the Flrst intersection of the absclsma axis is with the f ’ r e m y  % 

sped to transfer -tioms with tias” of tranefer process Q 23 
corre- 

1 

d. In the ~eiee of nozincreaslng continuous fbctims a(&), permitting 

approxinrrtlon with th6 sib of trapezoidal frequency characteristics w i t h  an 

interval of passing f’requency corn and with slope coefficient K , the tinre 

of the transfer process is Included. bstween the l i m i t s  

0 

A c t < _ -  4r 
rooc - %c 

e. If the function: R ( a )  isatisflies the cordition 

h e n ,  as calculatians ehcm, t o  estimate the agKnmt of regulation and the time 

of the transfer process the form of the function R(m) for a, > % must not 

be taken into account. 
* 
Here and in the sequel the proceso is cansidered cosllplete when the regulated 
quantity differs fraa i ts  steady value by not mom tban 5 percent. 

0 
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In the sequel w e  w i l l  denote ths boundary of the D-stibdivisian by ~ ( c D ) ,  

&t us f m t e  certain properties of a(@) equivalent t o  the properties of 

the real frequency charscteristics represenW above. 
s k u \ )  

I. In ardor tbat the antaunt of regulationpot exceed 18 percent, it is 

sufiicient, but not necessary, that a(@) satisfy the following conditions 

(fig. 2): (a) far increasing frequency fran o t o  the abeolute value of the 

vector, produced from ths origin t o  a point on the curve B(a) (the vector 

a q) must increase continnoaely; (B) for a given fre~qwncy &, the curve 

a(co) must not intersect a circle with center a t  and radius equal t o  go; 

(c) the proJect1on of the vector a tb, on the K axis for Q) 3 00 wt not 

exceed KO. 
+d 

Consequence 1: In d e r  t o  fu l f l l l  the s\rificient coadition M re- 

tia not exceed- 18 percent, the amplification coefftcient of the loop must 

not exceed ths & of ths radius g0 of the circle (fig. 2). 
AZdJ 

Consequence 2: Thn regulation will not exceed 18 percemt for any amplifi- 

cation coefficient i f  the c m  ~(a) coinciaawith t lm  axis of the E  plan^ 

and the whole positive realaris of this plaw is a region of stability. 

2, In order tbat ths tranefer functian x( t )  tomi mmotasrically t o  tbs 

steady o a l ~  x(=) it is  nece~sary tht ths curve a(#) d o a  not intemect 
awl. the circle w i t h  radius & aa centsr a t  J&, (fig. 3). - - 

(wt=-t) 
Consequence: If by of ths cundition of (~dllllwy the aarpliflcation 

process will not be monotonic. 

3. The interval of positiveness is defined by the frequency aC (fig. 4) 
wlmere the curve B(m) is intersected by a perpendicular produced t o  the 

l ine  K,.This system has the tm of the trsnrsfer re- 
o 
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t > &  
% 

4, If in the f i r s t  part)the curve H(a) is sufficiently close t o  coin- 

cidence with an arc (not greater than 30’) of ths circle produced f ram tbe 

point Ig, of radias KO, and in the later s e c t l a ,  the distance between the 

circle and the c m  H ( a )  

transfer process is inclwled between tb llmits 

grows cantinnrollsly (fig. 5) than tb6 tiam Of the 

% 4% -et <- 
%o - -ab0 

where coco is the interval of positiveness, 

If the absolute value of the vector a % increases c o r n t i n u ~ l y  w i t h  
-> 

Sa. 

0 increasing frequency (fig. 6) and 5 <a, then as calculations s m ,  t o  K 0.2 

estiaate the aplonmt of regulation and ths tlab of the transfer process the 

forn of the m u m  ~ ( m )  fo r  a > mc m y  not be taken i n t o  account. 

@e +Lk 
hi+ such t ha t  they are imneaistely related to, general amplification cosfflcient 

,A Tbs llature of ths particular, formUlJ%W prt3p@#ies of the curve B(a) 

of the loop. Far these conditims, the latter lay be c h o n  such tht t b y  

guarantee the mi1-t of these conditicms (if, in geslal, falfiUmmt 

of the specified sufficient conditione in a given concrete case is pos8ible). 

3. AppUcation of Calculettian t o  a Begulaticm System. 

Let  us consider the calculation of a system of atrtoapntic regciiatian. 

Let  tu 
888- 

that  the object of regulation is a capstant current motor 

with an independent exciter of 1.3 ,KVA power ard l 2OV-%’o l~ge .  

l d e d  with a static load the 

!!!he motor is 
tJ, 
of which is independent of the speed of 0 
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rotation. 

tion of the motor must be kept cunstant with an accuracy not less than 

0.125 percent; moreover, the sgstem mst admlt wide limits of variation E& 

By the cbracter  of the technological process, the speed of rota- 

$..p..I 

the steady psrlue of the number of turns. Addit ioaral  teclsaical reqaimments 

are (a) in the process steady regalations nwt not exceed 1- percent wi* 

the condition tbt ths disturbance be given in the form of a uni t  pulse; 

(b) the time of regulatlan mast not exceed 0.6 second. 

the regulation process caxpleted when the 

Here let  u8 ass- 

of turns BifYelsfram the  

prescribed value by not more than 9 percent. 

Choice of Basic Elamsnts of Regulation System 

In order t o  guarantee the possibilSty of mrylng the steady nrmiber of 
)*4k;llbA 

turns 3a wide limits, ve w i l l  accarpllsh the regulation action on the voltage 

of the m t u r e  of a notor w i t h  constant current excitation. 

As a mltage source t o  supply the motor arnrrture w e  choose an electro- 

machine booster (IQIIB). This choice is dependent on these cluracteristics of 

the BMB which llary be used effectively in t b  coe?sidered/(large anspllflcation 
ease 

As a areaswring element, we choose a tacb&genarator, tb6 electramtlva forrse 

(e.aa.f. ) of which is equal t o  t b  constant voltage U Between the measuring 
€1. 

elegsnt and the 'EMB is incluaed an electronic amplifier. Ths necessity of the 
i B  Specified Sa 

electron amplifier -8, first, W that the system prry possess large 
aAps+bewJt  

C O e f f l C i a t  Of ~ l l f i ~ t i ~  by #RIIR Of the C a n d i t I O Z I  and, 80COZd.p 

that the voltage at  the inpxhbf the tachn-generator be proportional to  the 

turns only in the case w h e n  it worka no-load. With the inclusion of the 
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tacho-generator voltage in ths cathode circuit of the vacutllp ttibe aznplifier 

it mny be considered that the voltage of the t achwnera to r  equals i ts  

e.r.f. ami tbt it i s  
d wecN 3 

proportiozrrl t o  the rotational speed of the 

motor. 

Let  us obtaina regulating sptem cons is t ing  of the basic elaarents 

(fig. 7) which wmk i n  the f o l l d n g  way. The bifferexm of the t s c b  

generator e.n.f, snd the calibration voltage Utl is feQ t o  the input of the 

electron amplifier. 

ence of the output voltage 

The winding of exciter (m) is supplied from the diffew 

Us of the amplifier and tb ualibration voltage 

In the stesdy re@-, the difference Ucx - ET f o m  the voltage input %a? - 
t o  the EMB which guarantees the mlue of th4 nudber of turns. Let 

us assume that in the result, the variation of loading on mmiber of turns 

vades, t h  e.n.f. E of the t a c w r a t o r  varies and corresposdingly 

which erpTcbsses the necessary =riation of the volt- the difference 

age on the EHB and corresposdingly grparantetes the proper variation of the number 

-eT 

of turns of the notor. 

Block Diagram of a Regulation System 

Let  us compose the block diagram of the obtained systtnr of autumstic 

regulation. 

The equation of the motor with a regulated number of i t s  turns acting on 
\ 

the voltage of an m t u r e  with constant stream of excitatiun m y  be described 

s ( T ~  T~ p2 + % P + I) n - II ua (3.1) 

rs 
375 w, 92 *S = $a is the electrwnecbanical t i m b  cornstant; Ts .I - GI? *s W h e r e  

0 
is the time constant of the armttare; IC = 1/Ce9 is ths amglification 
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coefficient. 

Independent f Y of the val of ths tim constants % and Ts d the motor 
B 9 h 

i d b &  represemSpns oscillatory section or two successive comet+ 

tki.s relaxatitxi sectiaas. 
eh 

In tb considered case % = 0.5 secopld; Ts = 0.01 second; K = 1. 
be & 

It is  not difficult  t o  see tbt here the motor amy,represent br two successive 

connected relaxation sections with time constant T, - 0.5 s e c d ,  T4 = 0.01 S ~ C -  

ond. Acttlally, the roots of the left side of the equstios (3.1) w i l l  be 

-2, 48. Tbsrefom T, -l/ai 1/2 = 0.5 ~ec04d, anrl T, L: l/* 

1/98 ~ 0 . 0 1  second. 

L e t  us consider the electro-prrchine amplifier c q l e t e l y  c m t e d  

consequently it is possible t o  represent it by two successive connected relax- 

ation section8 with ti;re constants T1 and T2 and araplification coefficients 

K i  and K2. 

In the considered example th6 tire canstant of the short-circuited 10- 

i s  T2 = 0.1 second, and tha ti- constapt of the loop of tlae Elrls exciter is 

T~ .I 0.1 second." 'phs genemi arPspiification coefficient of ths EMB is K , K ~ ~ o .  

In  figure 8 is  represented the block diagrar of a system comsieting only 

of the basic elemnts. There is obtained a single-loop systan consirsting of 

four successive relaxation sections. 

The characteristic equation which is  obtained as the result of Parltiplyine 

the operators of ths seprate sections is written: 

(l+TlP) (l+T$') ( l + T P )  (l.I.rp,P) + K i  K2 K E$ 0 (3.2) 
* 
The ti- constant, besides the inductfreness of its excitation winding, 
takes into account ths inertia of the electron a84pliFier. 
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fication coefficient as large as one pleases i f  two relaxation sectloas are I 

Here K3 is ths gear ratio of the reaucer, Joining the sbefts of the 

is the coefficient of amplification of the motor and tacho-gensrator; ICy 

anglif i e r  . 
With respect t o  tb6 condition of the general amplification 

coefficient is - 

Stibstituting instead of tb tire constants their =lues ard considering 

the general amplification coefficient eq-1 t o  800, we obtain: 

0,00009 p4 + 0.0061 P3 + 0.U7 3' + 0.73. P + 800 0 (3.3) 

It is not difficult t o  shuw that tb system is rmetarble for this aqpli- 

ficatian coefflcient, 

b,  

The system obtained in the preceding -graph doesn't satism the 

System With AR Introduced Stabilizing Section 

stabi l i ty  caarditicm, consequently it is mcessary t o  stabilize if. To do 

this we IaClrriLe a stabilizinn section in  the sgstem.  

stabilizing section with operrrtor eqrmrtion 

AS is  w e l l  lawnt @,G'J, via the aid of t b i s  stabilizing sectim, it is 

possible t o  obt8in a system whfch i n  principle ramins stable for an amp3.i- 
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As stabilization sectioss we choose networks of msisfance R and 

capacity C and coIlnect them as shown in figure 9. To the input of the 

stabilizing section the voltage of the EMB is supplid and the output voltage 

of the stabilizing section is fed to the input of ths electron amplifier. 

The block diagram of the full regulation system is repreeented in  

-figure 10. The SOabilization section is caslnscted around the first two relax- 

ation menibera connecting the electron amplifier. This schgas w i t h  the correct 

choice of the parruPeters nrsg =in stable for amplification coefficient as 

Ugh as one pleases. 
I 
I 

The characteristic equation of the system is 

T,P (li-!T,P) (1e4P) + K K3 (l+T5P) - 0 (4.3) 

and it nmt satisfy the Routh-E[mrtz candition b163. 
In equation (4.3) T, and 'f4 are giveg quaatities. As rsW t b  

tiare cw-t 

p;3 

skit), it is nece8au-y to choose these quantities. 

T, of tlze stabilizing section and the amplification coemcient 

(of the gear ra t io  of the reducer of tlm motor shaft to the tac 

E. 
a%-*- mre consider tbs mces- 

Let us choose the tipe c'cmstsnt of the stabilizstian section such that 

eqtmtiam (4.3) satlofies the stability condition for any value of the 



amplification coefficient K K3. 

This w i l l  occur If 
T3 T4 

'E, ' 
T3+ *4 

(4.4) 

as it is not difficult t o  confirm immdlataly by calculations. 

In our case 

Let us choose T5,= 0.2 second. 

There realm for 'tx8 t o  choose the amplification coefficients K,K and 

K1 K2 

electron aqpllfler: - 20, then K, 5 - 10.20 = 200. 

Let us eelect the 8mplificrrtian with respect t o  t lm  voltage of t b  

C a t r U C t i u  fhs bcnoldary Of tbs MUbd.id.8ioPn W i t h  respect to the geP 
a 

era1 amplification coefficientdipd separating the region of stability, it is 

nece8sa.q t o  choose, in t h i s  region, that value of K which, on the o m  &IM, 

satisfies a l l  conditions of static adJu8-t and, on the other bard, satlt~iies 

the qual i ta t ive requiremrents, as formulated in the technical specification. 

5.  e or ~ e n s r a i m ~  fication Coe fflclent and certa i n E e t a t e s  o f 

, the  cbra cter of the Transfer P rocem . 
Let us construct a ba\mdary of the DeuWlvlsion w i t h  respect t o  the 

general ampllficatian coefficient. The aJ4?llfication coefficients of the 

EMB and the electron amplifier were chos- K1 K2 Ky = 200, 

amplification coefficient KO - K1 92 5 K3 K = 200 g3 K. 

as 
! P b  general 

*rr 

From foranila (42) the equation of the boundary of ths D-rsubdivtsioI~ 

with respect to the general aqplification coefficient m y  be described as @ 
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In figure 11 is reproduced. the curve of the boundary of the hubdivis ion 

constructed by means of equation (5.1). The region of the value of the gemral 

amplification coefficient KO, 

ths letters 96. 

f o r  which the rgstePli8 stable, i s  

for  which the system is stable, I s  denoted by 

The largest value of the general aarlplification coefficient, 

&r = 5250, considerably largerhvalue4 of 

a7, ** 
the aatplificatian eoeffislent necessaryto guarantee the stat ic  addus-nt 

of regulation, 

By tbs technical requirements the general amplification coefficient must 

not be less tban 800, this is, therefore, the lower bound. 

From figure 11, it is clear t b a t  If the general amplification coefficient a 
does not exceod 1O00, then it is possible, on the basis of property 5 of ths 

#(a) curve t o  discard part of *he curve c o r r e s m i n g  t o  the frequencies 

a > ac. 

intersect H(a) and tbat the initial section almost coincides with It. 

We see, moreover, that tha c i rc le  with radius K = 1000 does not 

6 
On the basis of t h  1 and 3 it is possible t o  conclae tbat 

regulation will not be larger thss 18 percent and the ti= of regulatiqn w i l l  

l i e  between the limits -e t < - or in our case 0.125 sec. C t< 0.5 sec, s - -  
@c 0 %o 

By the time the process is  completes the technical requirement is satis- 

fied. It is  known that the amount of regulation w i l l  be less thsn 18 percent, 

For preciseness and complete mapping we build the transfer process. 

I n  flgure 12 is reproduced the curve of the transfer process from which 

it is evident that the regulation process is ended by 0.45 8ecod, and the a 
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regulation equals 6 percent, which completely satisfies the technical require- 

ments. 

COHCUTS I om 
1. There is  proved the possibi l i ty  of applying the boundary of the 

%subdivision for a prelimillary eetimte of the amount of regulation and the 

time of the transfer process. 
& u+ 

2. - meth+of estimating the influence of the 

general amplification coefficient on the character of the disposition of tbe 

real frequency abracterist ic of a closed system of autamstic regulation. 
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